Non-doped black silicon (b-Si) is fabricated on the surface layer of a near-intrinsic Si substrate by nanosecond (ns) laser direct writing in an argon (Ar) atmosphere. The non-doped samples exhibit a near-unity sub-bandgap (1100 ∼ 2500 nm) absorptance of more than 50%. Amazingly, the resistivity of the ns laser irradiated b-Si layer is about five orders of magnitude lower than that of the unprocessed Si substrate. The carrier density of the b-Si layer is about 1 × 10 18 cm −3 , according to the Hall effect measurement. Temperaturedependent Hall effect measurements show that the nondoped b-Si layer exhibits an energy level of 0.026 eV below the conduction band minimum (CBM). At last, Si infrared photodiodes are made based on the difference of carrier concentration between the ns laser-processed b-Si layer and the high-resistivity Si substrate. The responsivity of the b-Si photodiode for 1310 nm is up to 256 mA∕W at a 10-V reverse bias, which is much higher than that of the reported pure Si bulk-structure photodiodes.
In the past thirty years, silicon (Si) photonics, as a novel technique for large-scale optical-electronic integration, have been used for optical communication and optical interconnection [1] . Si photonics technology can not only extend the transmission rate and the transmission bandwidth of modern communication techniques, but such technology can also satisfy the low-coast complementary metal-oxide-semiconductor transistor (CMOS) compatibility criteria [2] . So far, among all of the Si photonics components, low-loss Si waveguides, highspeed Si optical modulators, and optical pumping lasers have already been obtained in the last years; but the development of high-performance Si photo-detectors at optical communication wavebands has remained as unaccomplished task [3] . The Si crystal is transparent to infrared light at communication wavebands, due to its 1.12-eV bandgap. To realize silicon-based infrared light detection, narrow-gap semiconductors (Ge, InGaAs, PbS, etc.) are usually compounded to the Si platform through either epitaxial growth or bonding technology. However, these technologies will increase the processing complexities and compromise the CMOS compatibility [2] .
An effective method to extend the absorption waveband of Si is the hyper-doping technique. In the hyper-doped Si samples, supersaturated impurities (such as S, Se, Te, N, and P) can be doped into the Si surface layer via pulsed laser irradiation or ion implantation [4] [5] [6] [7] . The supersaturated impurities can introduce energy levels and even intermediate bands in the Si bandgap, which can contribute to a broad sub-bandgap absorption [4, 8] . Photodiodes based on these materials exhibit very high photo-response around the band-edge region [9] [10] [11] . For example, photodiode with a responsivity of 100 A∕W for 1064 nm has been obtained by Carey et al. in S-hyper-doped Si materials [10] . However, the responsivity of the above S-doped photodiode decreases dramatically with the increase of the optical wavelength and the responsivity is merely 50 mA∕W for 1310-nm light [10] . The main reason is that, in the supersaturated S-doped Si materials there is an ultra-high background free carrier concentration induced by the hyper-doped impurities, which hinders the performance of infrared photo-detectors.
In this study, we demonstrate non-doped Si infrared photodiodes with a photo-responsivity of 256 mA∕W for 1310 nm, which is based on the junction between the nanosecond (ns) laser-treated Si surface layer and the near-intrinsic Si substrate. The novel optical and electronic properties of non-doped b-Si make it a very promising material for making pure Si infrared photo-detectors.
The experiment is carried out with a frequency-tripled, Q-Switched, Nd:YAG ns laser (spectral physics, a 10-ns pulse duration, a 355-nm wavelength, and a 10-Hz repetition rate). After the laser emitted, an expansion system and a diagram are used for achieving a uniformly distributed laser beam with a 8-mm diameter, which is then focused by a 600-mm lens and incidents directly to the Si substrate (n-type, h111i, 4000 Ω · cm, 250 μm thick). The diameter of the focused laser spot on the Si surface is about 180 μm, which is measured by CCD. The Si substrate, with a surface area of 15 mm × 15 mm, is equipped on a 2D translation stage, and the Si surface is totally processed via continuously moving the translation stage in a S-line-scan route. The scanning speed is 250 μm∕s, and the space between two adjacent lines is 100 μm. During the laser irradiation process, the Si substrate is mounted on a vacuum chamber, which is filled with 0.1-MPa argon (Ar) gas.
After the ns laser irradiation, the morphology of the b-Si samples is measured with a field emission-scanning electron microscope (SEM, JEOL JSM-7500F, and Japan). The absorption spectrum of the b-Si samples is characterized by a spectrophotometer (UV-3600, Company) equipped with an integrating sphere (LISR-UV3100). To analyze the electrical properties of the non-doped b-Si samples, a RST-5 four-point probes resistivity measurement system and an ACCENT HL5500PC Hall system based on the Van der Pauw method are used. A Keithley 2400 sourcemeter is used for obtaining the I-V properties of the non-doped b-Si infrared photodiodes. The corresponding reflectance is less than 10%, which is comparable plasma etching and ICP etching [12, 13] . It means that the rough Si surface layer exhibits excellent light-trapping abilities [14] . The sub-bandgap absorptance of b-Si samples are approximately constant at the wavelengths of 1100-2500 nm and increase gradually from 30% to 60% with the increase of laser fluence. The sub-bandgap absorption is related to the defect states (Urbach states or deep-level structural defects in the re-solidified surface layer) in the b-Si layer and can be further enhanced by the textured Si surface [7, 15] . Figure 2(b) shows the absorbance of b-Si samples at the wavelength of 1550 nm after annealed at different temperatures (label X in horizontal ordinate means the samples are not annealed). The annealing time for all the samples is 30 min. The samples' absorbance at 1550 nm gradually decreases with thermal annealing temperatures up to 873 K. The small reduction of absorptance for the annealed samples is due to the decrement of the unstable Urbach states after thermal treatment. However, an enhancement of sub-bandgap absorptance is observed for samples annealed above 1073 K. This phenomenon, which is called absorption reactivation, was reported in the sulfur hyper-doped b-Si, and it was attributed to the point defects stabilized at high temperature [16] . Letter that the absorption in these wavebands is reactivated after a high-temperature thermal annealing process. As shown in Fig. 2(d) , the reactivated absorptance is larger than that of the unannealed sample, so the calculated ΔA value is negative (green line). The high sub-bandgap absorption guarantees nondoped b-Si a promising material for infrared-light detection.
To further evaluate the light-detection ability of the nondoped b-Si, the electrical properties of the b-Si samples are examined. Figures 3(a) and 3(b) show that the square resistance (R□) of the b-Si samples depends on annealing temperatures (label X in horizontal ordinate means the samples are not annealed) and laser fluencies. The R □ values of the b-Si samples are in the range of 4 × 10 2 -5 × 10 5 Ω∕ □ . The resistivity (ρ) values of the b-Si samples can be calculated according to ρ R □ l , where l is the thickness of the re-solidified layer, and it is estimated to be 0.5 ∼ 1 μm [15, 17] . The calculated resistivity of the non-doped b-Si is 0.02 ∼ 50 Ω · cm, which is about 5 orders of magnitude lower than that of the unprocessed Si substrate (4000 Ω · cm). We should note that the nondoped samples are fabricated in an ambient of argon, which is an inert gas and cannot gain or loss electrons in Si system, so it cannot provide any free carriers to the b-Si layer. It means the reduction of resistivity is induced by other mechanisms except doping. The variation tendency of resistivity as thermal annealing temperature and laser fluence is the result of the combination of multi-defects in the b-Si layer. Defects in the nondoped b-Si layer are very complicated; there are dangling bonds and trap states in the amorphous Si or the polycrystalline Si, as well as the ns laser-induced defects (such as di-vacancy V-V, multi-vacancy center, vacancy-oxygen complex, clusters of vacancy, and vacancy-impurity associations) [16] . At a proper annealing temperature and a proper laser fluence, the electrical activity of defect states can be activated. And a minimum resistance of 400 Ω∕ □ is achieved with 39.4 J∕cm 2 laser fluence and an 873-K annealing temperature. Further increasing or decreasing the laser fluence or the annealing temperature can enhance the Si resistance. Figure 3 (c) presents the Hall effect measurement results of the sheet carrier density (N s , absolute value) and the carrier mobility (Mob) of the b-Si samples. The obtained N s values are negative, meaning that the conduction type of the b-Si layer is n-type. The sheet carrier density is in the range of 6 × 10 12 -5 × 10 13 cm −2 , corresponding to a body carrier density of 6 × 10 16 -1 × 10 18 cm −3 , which is much larger than the that of the Si substrate (∼4 × 10 11 cm −3 ). Thus, the defect density with electrical activity also can be estimated to be 10 18 cm −3 [18] . The concentration gradient between the Si substrate and the b-Si layer can induce a N -N certification junction, which is the foundation of building the b-Si photodiode. The nondoped b-Si exhibits a high mobility of 400 cm 2 V −1 s −1 , which is about 2-4 times larger than that of the hyper-doped Si samples [7] . It means the non-doped material is more suitable in light-detection applications than the hyper-doped b-Si. Temperature-dependent Hall effect measurements of the nondoped b-Si fabricated at 78.8 J∕cm 2 are shown in Fig. 3(d) . The energy level (E i ) of the defect states of the b-Si layer is calculated according to lnN s ∝ −E i ∕2k∕T , where N s is the sheet carrier density, k is the Boltzmann constant, and T is the temperature [19] . When annealed at 473 K, the Si exhibits an energy level (intermediate level) of 0.173 eV below the conduction band minimum (CBM). When the annealing temperature increases to 873 K, the energy level decreases to 0.026 eV, meaning that the concentration of the electrical activated defect states increase dramatically. This shallow donor level can provide a certain amount of free carriers to the b-Si layer, and then induce a reduction of the resistance, which is in consistent with the R □ values obtained by four-point probes resistivity measurement shown in Fig. 3(a) . A higher temperature annealing of 1073 K can increase the energy of the intermediate level to 0.032 eV due to the elimination of the electrical activated defects. We should note that the calculated intermediate levels are too shallow and narrow to contribute to the broadband light absorption [see Fig. 2(a) ], so the E i values should be equivalence results of all the intermediate levels or bands induced by laser irradiation. Figures 3(e) and 3(f ) are the temperature-dependent R□ values of the b-Si samples fabricated with 78.8 J∕cm 2 laser fluence and annealed at 473 K and 873 K, respectively. In Fig. 3(e) , the R□ values decrease with the increasing of the temperature, since a higher temperature will increase the carrier concentration or decrease the Si resistance. However, for the b-Si annealed at 873 K [ Fig. 3(f ) ].
The R□ values slowly raise below 220 K and then rapidly increase with the increasing temperature in the range of 220-500 K, which shows metallization-like properties.
At last, pure Si infrared photodiodes are fabricated with the non-doped b-Si material. The schematic diagram of photodiodes is shown in Fig. 4 . The non-doped b-Si materials are fabricated with a 78.8 J∕cm 2 laser fluence and cut into 5 mm × 5 mm squares. After that, the b-Si samples are annealed at 873 K for 30 min and dipped into a diluted HF solution (5%) to remove the native oxide surface layer. Afterwards, fingerlike aluminum (Al) electrode is thermally evaporated onto the b-Si surface layer as a front electrode. Then, the Si back surface is coated with Al film (back electrode) to form an Ohmic contact. As shown in Fig. 4(b) , the non-doped b-Si photodiode exhibits obvious rectification characteristics because of the N -N rectification junction between the b-Si layer and the crystalline Si substrate. At a reverse bias of 10 V, the photodiode shows a responsivity of 256 mA∕W for 1310-nm infrared light. Inevitably, this b-Si photodiode exhibits a relatively high dark current density of 9.76 mA∕cm 2 at −10 V, which may be related to the laser-induced defects in the surface layer. To reduce the interfacial defect density and increase the minority carrier lifetime in the b-Si layer, a 200-nm Al 2 O 3 passivation layer is deposited on the b-Si surface via atomic layer deposition (ALD). Disappointedly, surface passivation shows unremarkable effects on reducing the dark current density of the non-doped photodiode. However, we find that alloy annealing turns out to be an effective method to improve the performance of the non-doped b-Si photodiode. After annealed at 748 K for 1 min, the photodiode's dark current reduces to 2.88 mA∕cm 2 [as shown in Fig. 4(c) ], which is about 3.4 times lower than that of the unannealed photodiode. The responsivity of the annealed photodiode at 1310 nm reduces to 137 mA∕W, but it is still much larger than the reported bulk-structure Si-based photodiodes. The non-doped b-Si material exhibits great potentiality in making Si-based infrared photodiode.
In conclusion, the non-doped b-Si samples are fabricated by ns-laser direct writing in an argon atmosphere. The laserirradiated b-Si samples exhibit high absorption in both the visible wavelengths and the infrared region due to the textured surface layer and the pulsed laser-induced defect states. A donor level of 0.026 eV, which is related to the laser induced defects, is observed in the b-Si layer. By adjusting the laser fluence and annealing temperature, we achieved b-Si samples with a minimum resistivity of 0.02 Ω · cm, which is 5 orders of magnitude larger than that of the Si substrate. A N -N rectification junction is formed between the b-Si layer and the crystalline Si substrate. An infrared photodiode worked at infrared waveband is made based on the non-doped b-Si material. At a reverse bias of 10 V, the infrared photodiode exhibits a record responsivity of 256 mA∕W for 1310 nm light. Alloy annealing at 748 K for 1 min can decrease the devices' responsivity to 137 mA∕W, however, the signal-to-noise ratio of the photodiode can be improved at the same time. 
